Abstract In the last 40 years, childhood hand and wrist injuries have become progressively more common as children have become heavier and more active in high impact sports. The majority of children with such injuries do well, but treatment is not always straightforward. Distal radius fractures, scaphoid fractures, metacarpal and phalangeal fractures, nailbed injuries, and amputations are among the pediatric hand and wrist injuries most often seen by orthopedists. These are all discussed, with a focus on the most recent literature and areas of evolving controversy.
Introduction
Trauma to the hand and wrist is frequent in childhood and may result in a variety of bony and soft tissue injuries. Many unique issues arise in the management of these injuries in the pediatric population, and a number of controversies exist. While on the whole children with these injuries do well, complications have life-long implications, and recognizing the potential pitfalls that can occur is critical to providing judicious care.
Distal radius fractures
Distal radius fractures are the most common pediatric fractures, comprising 20 %-36 % of fractures in children [1] [2] [3] . In the last 40 years, their incidence has increased, possibly due to increasing sports participation and/or body weight [4, 5] . It appears to peak at the time of peak growth velocity, with rates highest in boys between 13.5 and 14.5 years of age and in girls between 11.5 and 12.5 years of age [6] .
The majority of injuries are metaphyseal, including torus, greenstick, and compression fractures [7, 8] . These fractures are inherently stable and can be treated with a short period of immobilization in either a wrist splint or a short arm cast with no significant difference in outcome [9] . Physeal and bicortical injuries, on the other hand, often present with significant displacement. Due to the tremendous growth that occurs at the distal radial physis, these fractures undergo extensive remodeling, and more deformity can be tolerated than in adults. Initial treatment generally involves closed reduction and immobilization. Up to 34 % of fractures displace on subsequent x-rays, so close follow-up is recommended [10, 11] . If displacement is significant, the fracture is usually remanipulated, with possible adjunctive percutaneous fixation or open reduction if needed.
Given the high risk of redisplacement with nonoperative management, authors have sought to better identify predictors of stability. Increased obliquity of the fracture, complete initial displacement, suboptimal reduction, and young patient age appear to be risk factors for redisplacement. The data on whether a concurrent ulna fracture increases or decreases the stability of a distal radius fracture are inconsistent; however, a completely displaced distal radial fracture in combination with a distal ulna fracture and a less than perfect reduction is likely at higher risk for redisplacement [12] [13] [14] . Both above and below elbow casts and cotton and waterproof padding are equally effective in immobilizing distal radius fractures, although patients with short arm casts appear to miss fewer school days [15, 16•, 17-19] . Cast molding is far more important and is critical for maintaining reduction [8, 13, 20] .
Some authors have suggested that patients at high risk for displacement should be treated with immediate closed reduction and pinning even if the reduction is good. McLauchlin et al. randomized 68 children with completely displaced metaphyseal distal radius fractures to manipulation and casting with or without additional percutaneous kwire fixation. Maintenance of reduction was improved in the k-wire group. However, at 3 months, there was no significant difference in clinical outcomes [21] .
In fact, children with grossly displaced radius fractures may do quite well with less aggressive intervention. Crawford et al. looked at 51 patients with overriding distal radius fractures treated in a short arm cast molded only to correct angulation. They found that all patients achieved union with full range of motion and were satisfied with their care [22•] . This suggests that the commonly used criteria for an acceptable reduction may be overly stringent.
Scaphoid fractures
Although the scaphoid is the most commonly fractured carpal bone in children, scaphoid fractures are relatively uncommon, representing only 0.45 % of all pediatric upper extremity fractures [23] . They are usually caused by a fall onto an outstretched hand. While waist fractures are most common in adults, historically, distal pole fractures have been thought to be most common in children. A 1980 study found fractures of the distal pole to be most prevalent, followed by waist fractures, and finally proximal pole fractures [24] . However, a more recent study by Gholson et al. found that 71 % of scaphoid fractures were waist fractures, 23 % were distal pole fractures, and 6 % were proximal pole fractures. This more closely mimics the distribution of scaphoid fractures seen in adults and is challenging since waist fractures have the greatest propensity for nonunion. The authors proposed increasing body mass index (BMI) and participation in high-energy sports as possible contributors to this shift. They found that the median BMI percentile for patients with waist fractures was significantly higher than the median BMI percentile for patients with distal pole fractures and that higher energy mechanisms more often resulted in waist rather than distal pole fractures [25•] .
As with adult scaphoid fractures, scaphoid fractures in children are easily missed on initial presentation. In 1 series, 37 % of fractures were not evident on initial radiographs [26] . Missed fractures may go on to nonunion and become a source of chronic pain and disability. On initial presentation, volar scaphoid tenderness, pain with radial deviation, and pain with active wrist range of motion are predictive of scaphoid fractures visualized on follow-up radiographs [27] . If a scaphoid fracture is suspected, the patient should be immobilized with follow-up in 10-14 days for repeat radiographs. In younger children with persistent symptoms and negative radiographs, a MRI may be needed to definitively rule out a scaphoid fracture in the unossified portion of the bone [28, 29] .
The majority of acute scaphoid fractures in children are treated with thumb spica casting. Casting should be continued until the fracture unites. A long-arm cast is generally placed initially but can be replaced with a short arm thumb spica as healing progresses. For avulsion and incomplete fractures in older children, a short arm cast may be adequate from the outset [28] . For displaced fractures, immediate surgical intervention can be considered. Unlike in adults, the nonunion rate in pediatric scaphoid fractures is quite low [30] . Gholson et al. found a 90.0 % union rate with casting alone, with slower time to union observed in older fractures, displaced fractures, and proximal pole fractures. Displaced waist and proximal pole fractures had a worse prognosis, with union rates of less than 50 % when treated nonoperatively. With surgical intervention, the union rate for acute scaphoid fractures increased to 96.5 % [25•].
For fractures that go on to nonunion, a variety of treatment options exist, including long-term casting, bone grafting, bone grafting with k-wire or screw fixation, and percutaneous screw fixation without bone grafting [30] [31] [32] [33] . Gholson et al. found a 23.4 % union rate for nonunions treated with long term casting as opposed to a 95.8 % union rate with surgery. Union rates with casting were especially poor for fractures that were significantly displaced or involved the waist or proximal pole. On this basis, the authors advocated immediate surgical fixation for all nonunions [25•] . However, the data on which method of fixation is optimal is scant. Masquijo et al. found a union rate of 95.6 % with open reduction internal fixation (ORIF) and bone grafting. There is concern that use of compression screws could interfere with growth in a young child. One report exists of the successful use of a Herbert screw in a 9-year-old girl, but the length of follow-up is not specified [34] . Gholson et al. found that of patients treated surgically, an increased time to union was seen in patients with open physes, highly displaced fractures, proximal fractures, certain types of compression screws, and use of bone graft [25•] .
In adults, untreated scaphoid nonunions develop dorsal intercalated segmental instability (DISI) deformity and ultimately scaphoid nonunion advanced collapse (SNAC) wrist. However, in children, the natural history of untreated scaphoid nonunions is not well described. Mintzer et al. reported on 3 patients with scaphoid nonunions and DISI deformity. All were treated with either ORIF and bone grafting or the Matti-Russe procedure without correction of the DISI deformity. The DISI deformity in these patients persisted postoperatively but was asymptomatic [35] . Suzuki et al. described 2 patients with scaphoid nonunions and DISI deformity. One was treated with a Russe type bone grafting procedure; the other was treated nonoperatively. Over 4 years, the DISI deformity resolved in both cases [36] . The patients in Suzuki's study may have been younger than those in Mintzer's study. Regardless, the natural history of DISI deformity in children with scaphoid nonunions is unclear. Patients with chronic scaphoid fractures and a "humpback" deformity often go on to heal when treated surgically, but may have a longer time to union [25•] .
Metacarpal and phalangeal fractures and dislocations

Metacarpal
Metacarpal fractures can be divided into head, neck, shaft, and base fractures, with neck and shaft fractures being the most common [37, 38] . Metacarpal head fractures in children are rare. In general, they affect older children than do proximal and distal phalanx fractures [39] . Metacarpal head fractures are most often Salter Harris II injuries, and the fifth metacarpal is most commonly affected. They have been associated with avascular necrosis and growth arrest, possibly due to capsular hematoma. The risk of this may be reduced with metacarpophalangeal (MCP) joint aspiration at the time of reduction [40] . Because of the risk of growth plate damage, multiple reduction attempts should not be performed. Where adequate reduction cannot be obtained, open reduction, and k-wire fixation is appropriate.
Metacarpal neck and shaft fractures in children are treated much like their counterparts in adults, with closed reduction and splinting or casting in an intrinsic plus position. As in adults, many are sustained in fights. Angulation is typically apex dorsal. Reduction of neck fractures is accomplished with the Jahss maneuver. The finger is flexed at the MCP and proximal interphalangeal (PIP) joints, and pressure is placed dorsally on the fracture site. The distal fracture fragment is then indirectly manipulated via a dorsally directed force on the proximal phalanx. A hematoma block can be used for anesthesia. Remodeling potential in children is significant, so more displacement is acceptable than in adults. Acceptable angulation for the second and third metacarpals is less than 15°in the neck and 10°in the shaft. For the fourth and fifth metacarpals, it is less than 30°in the neck and 20°in the shaft [41] . Rotational deformity is not allowable.
Finally, metacarpal base fractures can occur. In fact, 1 study found impacted metacarpal base fractures to be the most common of all thumb fractures [42] . With Salter Harris II and IV fractures, the metaphyseal fragment may be radial or ulnar, resulting in either ulnar or radial angulation. Up to 30°of angulation is acceptable, and if adequate reduction can be obtained, closed reduction and thumb spica casting is appropriate. However, while radially angulated fractures tend to be stable, ulnarly angulated fractures are usually not and typically require surgery [41] . As with closed treatment of most pediatric hand fractures, early follow-up is recommended given the accelerated callus formation that is expected.
Proximal phalanx
Phalangeal fractures are the second most common fracture type in children [3] . Of all phalangeal fractures, proximal phalanx fractures are most common [37, 39] . They can be divided into base, shaft, neck, and condylar fractures. Most common are Salter Harris II fractures of the base of the proximal phalanx, although some have argued that the majority of proximal phalanx base fractures are actually juxtaepiphyseal [42, 43] . When the small finger is affected, significant ulnar angulation can result. These fractures result from forced abduction of the small finger and are known as "extra octave" fractures. Most mildly displaced fractures are stable and can be treated with closed reduction and buddy taping. Reduction can be accomplished by placing a pencil within the fourth web space and applying pressure to the proximal fragment while the shaft is brought radially [44] . This maneuver will not correct sagittal malalignment, but in patients with 2 or more years of skeletal growth remaining, sagittal malalignment remodels well. For patients with severely displaced fractures, closed reduction and splinting can result in residual deformity, and if flexor tendon or other structures become entrapped within the fracture, open reduction may be necessary [43, 45] .
At the base of the thumb, Salter Harris III fractures of the proximal phalanx can occur. These are avulsion fractures of the ulnar collateral ligament (UCL) and represent the childhood equivalent of the "skier's" thumb. Operative treatment is undertaken when there is gross collateral ligament instability or an incongruent joint. Although open reduction and k-wire fixation is the norm, suture anchors can be used for fixation so long as the physis is avoided. In younger children, Salter Harris I and II injuries occur more frequently than Salter Harris III injuries. These can be termed "pseudo-skier's" thumbs. The thumb will appear unstable due to the physeal injury, but the UCL and its attachment are intact [46] .
Proximal phalangeal shaft fractures can usually be treated nonoperatively with reduction and splinting or casting in the intrinsic plus position. Up to 10°of angulation is acceptable but, as with metacarpal shaft fractures, rotational malalignment is not. These injuries tend to displace apex volarly, so close follow-up is mandatory. If acceptable alignment cannot be maintained, surgery is entailed.
Phalangeal neck fractures are more troublesome. Seen nearly exclusively in children, they are often missed, and are prone to proximal displacement and malunion. They are usually due to a finger being crushed by a closing door or swing [47] . The distal "cap" of the proximal phalanx is not yet ossified in childhood, making these injuries difficult to detect radiographically. Even when they are detected, malalignment may be difficult to appreciate. They typically fall into hyperextension, with the proximal fragment blocking flexion. The remodeling potential of these fractures is quite limited, as the phalanges do not possess a distal physis. Nonoperative management is recommended only for truly nondisplaced injuries [47] . For all other injuries, operative fixation is required. Karl et al. recently described a novel technique for percutaneous pinning of these fractures with good results [48] . However, at times, the palmar plate may become entrapped within the fracture, necessitating an open approach. Unfortunately, open reduction has been associated with an increased risk of osteonecrosis of the phalangeal head [49] . Neglected fractures may go on to nonunion, especially in the thumb. Treatment is usually with bone grafting. While this is preferably done in childhood, it can be successful when delayed till adulthood if the patient or family prefers [50, 51] .
Condylar fractures of the proximal phalanx also present unique challenges. These can be unicondylar, bicondylar, or T condylar. Because these are articular fractures, only minimal displacement can be accepted. As with neck fractures, standard X-rays may underestimate the amount of displacement [42] . The "double density sign" may be the only radiographic indicator of malalignment. Generally, fractures with greater than 5°of angulation or 1.5-2 mm of displacement require surgical fixation with K wires. Transverse or crossed K-wires are often utilized to optimize stability. Long-term stiffness is common, affecting more than 40 % of patients [52] . Due to the difficulty in appreciating the true extent of displacement on initial x-rays, it is not uncommon for children to present with delayed condylar malunions. While a number of techniques have been described to treat these patients, including early open osteotomy and late subcondylar fossa recession, Puckett et al. recently reported on 8 patients treated nonoperatively and found that remodeling did occur and functional outcomes were good, suggesting that aggressive operative intervention may not be needed in all cases [53] .
Middle phalanx
While less common than proximal phalanx fractures, middle phalanx fractures can also occur. Treatment is generally the same as treatment of equivalent proximal phalanx fractures. Of note, displacement of middle phalangeal fractures is uniquely influenced by the surrounding anatomy. Because of the relationship to the flexor digitorum superficialis (FDS) insertion, proximal fractures tend to be oriented apex volar whereas distal fractures are more often oriented apex dorsal.
Distal phalanx
Distal phalanx fractures in childhood are extremely common. On average, they affect younger children than do proximal phalanx or metacarpal fractures [39] . They frequently result when a child's finger is inadvertently slammed in a door. Tuft fractures are common and generally benign. With the exception of extremely unstable injuries, most do not require operative fixation and can be immobilized with a simple alumifoam splint or buddy taping. However, if a subungual hematoma is seen concurrently, an open fracture should be suspected. In this case, removal of the nailplate, irrigation and debridement, and repair of the nailbed are mandatory. Prophylactic antibiotics are generally administered following the injury, but conclusive data is not available on whether or not this is effective [54] .
Distal phalanx fractures in children also include physeal and juxta-epiphyseal injuries. These often behave as bony mallet injuries, with the flexor digitorum profundus (FDP) tendon flexing the distal phalanx fragment volarly. In most cases, treatment is with hyperextension splinting. However, as with tuft fractures, injury to the nailbed can also occur. A special subset of these injuries exist, entitled "Seymour fractures", where a partial or complete avulsion of the proximal nail plate from the nailfold is seen together with a physeal or juxta-epiphyseal distal phalanx fracture. These are open fractures, with the added complication that the dislodged nail matrix may become wedged in the fracture, preventing reduction. The nailplate must be removed to allow adequate irrigation and debridement. If nail matrix is entrapped in the fracture, it can be freed at this time. Nailplate removal may destabilize the fracture, in which case a k-wire may be needed [41, 55] .
Nailbed injuries
Fingertip crush injuries are among the most common pediatric injuries. They often result in injury to the nailbed and if not properly addressed, nail deformity may result. In some cases, the nail plate is partially avulsed or crushed or there is an associated fracture, making nail removal and nailbed repair mandatory. When the nail plate is intact and a small subungual hematoma is present, if there is no associated fracture, trephination of the nail is often sufficient. However, for larger subungual hematomas, debate exists. Some authors argue that nail removal is needed to allow direct nailbed repair, but comparative studies have failed to demonstrate that outcomes with trephination are inferior [56] [57] [58] [59] . Therefore, others authors have advocated for trephination alone of isolated subungual hematomas, regardless of the size [60] [61] [62] .
Nailbed repair is often performed with absorbable suture. However, in 2008 Strauss et al. studied the use of dermabond as an alternative to chromic suture for nailbed repair [63] . They found that outcomes were equivalent but that average time for repair was significantly shorter in the dermabond group. For this reason, we often use dermabond for repairs, with good cosmetic results.
When the nail is removed, it is usually placed back in the nailfold to keep the nailfold open and allow normal nail regrowth. If this is not practical, sterile foil can be used instead. The concern has been raised for a possible infection with reuse of the nail. Miranda et al. compared results of nail or foil replacement with use of a Mepitel dressing and throwing the nail away. The authors found an increased rate of complications in the nail and foil replacement group, including delayed healing and infection [64] . They theorize that this may relate to the difficulty of sterilizing the nail and the possibility of the nail or foil "trapping" bacteria beneath it. We commonly use foil for nail replacement, as the foil is sterilely packaged and may help to improve the likelihood of normal nail regrowth.
Amputations
Overall, the results of replantation for finger amputations in children are excellent, with survival rates of nearly 98 % reported and functional recovery superior to that seen in adults [65] [66] [67] [68] [69] [70] . However, a number of challenges remain.
Fingertip amputations in children are especially difficult to treat, due to the technical challenges of performing vascular anastomoses on such a small scale. For this reason, replantation has not been widely utilized in children with injuries distal to the nailfold [71•] . Instead, various alternatives have been employed to repair the amputated stump, including composite grafting, secondary healing, and shortening and primary closure. These methods all result in considerable disfigurement without recovery of length, so alternative methods of treatment have been sought. Fingertip amputations can be categorized by Ishikawa zones, with zone I injuries occurring between the fingertip and the middle of the nail, zone II injuries occurring between the middle of the nail and the nailfold, zone III injuries occurring between the nailfold and the midpoint between the nailfold and the distal interphalangeal joint (DIP), and zone IV injuries occurring between the midpoint between the nailfold and the DIP and the DIP. Ito et al. in an adult retrospective study, demonstrated no statistically significant difference in survival between fingers with arterialonly vs arterial and venous anastomoses in zones I, II, and III but a poor survival rate with arterial-only anastomoses in zone IV [72] . Where no venous anastomosis was possible, drainage was facilitated with a loose closure or fish mouth incision. Whether this applies to the pediatric population is unclear. A number of reports exist of successful replantation of distal fingertip amputations in children [71•, 73, 74] . Shi et al. analyzed 12 pediatric zone II and III injuries treated with replantation and reported a 91 % success rate using arterial-only anastomoses, suggesting that with appropriate surgical technique a high likelihood of success is possible [71•] . Reports of successful replantation of zone IV injuries are fewer, but Sakamoto et al. reported on 2 cases in which revascularization was successful for zone IV injuries in very small children [73] .
Revascularization is not always possible. In these cases other approaches are needed. Brent first described the pocket method in 1979, using a pocket in the chest wall [75] . The amputated part is deepithelialized and reattached as a composite graft. It is then buried in a subcutaneous pocket for 2-3 weeks, after which time the part is released from the pocket in a second operation. Muneuchi et al. used this technique in adults with poor results [76] . However, Arata et al. described the use of a palmar pocket in a group of 16 patients with zone I and II injuries, including 3 children, with complete survival in 13, and then later in a group of 10 children with zone I, II, and IV injuries with complete survival in all 10 [77, 78] . Cosmetic and functional results were good. However, this method cannot be used for thumb injuries and it entails significant discomfort for the patient.
Alternatively, Johnson and Giele described the use of paronychial grafts and local flaps in a group of 4 adults and 4 children with injuries through the proximal third of the nailbed. Seven of the 8 grafts survived completely, with good restoration of length and function [79] . The applicability of this technique to injuries outside of zone II is not clear.
Proximal injuries generally fair better with revascularization than distal injuries due to the greater ease with which vascular structures can be anastomosed. However, avulsion injuries are particularly difficult to treat due to the significant soft tissue damage involved [65, 68] . In fact, given the prognosis, whether or not revascularization should be attempted after complete degloving or amputation has been a matter of debate. Few studies exist specifically examining the outcomes of avulsion injuries in children. Lefevre et al. performed a retrospective study of 23 children with digital avulsions with compromised vascularity and found that while the survival rate of digits with only partial degloving or amputations was 75 %, the survival of digits with complete degloving or amputations was only 5.3 % [80] . Thus, in children with the most severe avulsion injuries, the likelihood of success with replantation is low.
Conclusion
Hand and wrist injuries are extremely common in childhood. From distal radius fractures to fingertip amputations, they are an extremely diverse set of injuries that present the orthopaedic surgeon with a variety of challenges. As knowledge evolves, new questions arise, and while some of these injuries are potentially devastating to patients, the opportunities for outstanding recoveries become more reasonable.
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